Saccharomyces cerevisiae L2612 transformed with genes for xylose reductase and xylitol dehydrogenase (XYL1 and XYL2) grows well on glucose but very poorly on D-xylose. When a gene for D-xylulokinase (XYL3 or XKS1) is overexpressed, growth on glucose is unaffected, but growth on xylose is blocked. Spontaneous or chemically induced mutants of this engineered yeast that would grow on xylose could, however, be obtained. We therefore used insertional transposon mutagenesis to identify two loci that can relieve this xylose-specific growth inhibition. One is within the open reading frame (ORF) of PHO13, and the other is approximately 500 bp upstream from the TAL1 ORF. Deletion of PHO13 or overexpression of TAL1 resulted in a phenotype similar to the insertional mutation events. Quantitative PCR showed that deletion of PHO13 increased transcripts for TAL1, indicating that the growth inhibition imposed by the overexpression of XYL3 on xylose can be relieved by an overexpression of transcripts for downstream enzymes. These results may be useful in constructing better xylose-fermenting S. cerevisiae strains.
Saccharomyces cerevisiae affords several advantages over the use of other yeasts for ethanol fermentations. It is ethanol tolerant, knowledge of its genetics and physiology is highly developed, and it is generally regarded as being safe. Native S. cerevisiae strains, however, are unable to grow on D-xylose. Attempts to develop a strain of S. cerevisiae capable of using xylose have focused on adapting the xylose metabolic pathway from xylose-utilizing yeasts such as Pichia stipitis or on the expression of xylose isomerase (16) .
In P. stipitis, conversion of xylose to xylulose is catalyzed by two oxidoreductases. Xylose is reduced to xylitol by an NAD[P]H � -linked xylose reductase (XR or P. stipitis XYL1 [PsXYL1]), and xylitol is oxidized to xylulose by an NAD � -linked xylitol dehydrogenase (XD or PsXYL2). Finally, D-xylulokinase (XK or PsXYL3) phosphorylates D-xylulose to form D-xyluose-5-phosphate (11) , which is metabolized further via the pentose phosphate pathway and glycolysis (9) . Native S. cerevisiae strains encode homologs of PsXYL1 and PsXYL2, but they do not express sufficient xylose reductase or xylitol dehydrogenase activity to enable significant growth on xylose. S. cerevisiae encodes a different xylulokinase (XKS1) (4, 18) , which is expressed at a low level and which enables S. cerevisiae to grow on and ferment xylulose. Recombinant S. cerevisiae expressing PsXYL1 and PsXYL2 was found to grow on xylose (18) . Ethanol production from xylose, however, was not significant because a substantial portion of xylose was con verted to xylitol (13, 15, 20) .
Early reports of xylose fermentation by S. cerevisiae indi cated that the overexpression of xylulokinase (XKS1) is essen tial to growth and fermentation. Ho et al. previously reported that the overexpression of the endogenous S. cerevisiae xylulose kinase gene (XKS1) (ScXKS1) along with PsXYL1 and PsXYL2 increased ethanol production and decreased xylitol production from xylose (7) . Recombinant S. cerevisiae cells transformed with a single copy of PsXYL1 and multiple copies of PsXYL2 accumulate xylulose (10, 11) , which suggested that the native level of XK activity in S. cerevisiae limits xylose assimilation when PsXYL1 or PsXYL2 is overexpressed.
Rodriguez-Pena et al. showed, however, that the overexpres sion of XKS1 in S. cerevisiae inhibits growth on pure D-xylulose (18) . Similarly, overexpressing PsXYL3 along with high levels of PsXYL1 and PsXYL2 in S. cerevisiae completely inhibited cell growth on xylose, whereas an S. cerevisiae transformant expressing PsXYL3 at a moderate level was able to grow on xylose (13a). Johansson et al. previously found that the overexpression of ScXKS1 reduced xylose consumption by 50 to 80% in S. cerevisiae transformants, even though it increased the yield of ethanol from xylose, and those researchers cautioned against the unmodulated overexpression of ScXKS1 (14) . Other studies by Toivari et al. (21) and Richard et al. (17) did not show an inhibitory effect of xylulose kinase overexpression. Those reports seemed contradictory, but studies in our labo ratory suggested that spontaneous mutations might play a role in overcoming growth inhibition on xylose. The present re search sought to characterize mutational events in genes that could contribute to the growth of and fermentation by engi neered strains on xylose. Escherichia coli DH5� was used for plasmid preparations. The primers and plasmids used in this study are listed in Tables 1 and 2 . Media. Yeast strains without plasmids were grown on YPD medium (20 g/liter yeast extract, 10 g/liter peptone, and 20 g/liter glucose). Strains with plasmids car rying TRP1 and/or URA3 markers were grown on yeast synthetic medium, which was made of yeast nitrogen base (YNB) and Casamino Acids (10 g/liter), supplemented with glucose (20 g/liter) (YNBG) or xylose (20 g/liter for growth test and 40 g/liter for fermentation) (YNBX). Complete synthetic mix (CSM) without certain amino acids and nucleotides was used to select other auxotrophic markers.
MATERIALS AND METHODS

Microbial
Overexpression of PsXYL3 in S. cerevisiae YSX3. pYS32 was transformed into YSX3 using the lithium acetate-heat shock method. The transformants were selected on yeast synthetic medium with dextrose (YSD).
Insertional mutagenesis. The mTn-lacZ/LEU2-mutagenized library (3, 19) was obtained from the Yale Genome Analysis Center, New Haven, CT (http: //ygac.med.yale.edu/mtn/reagent/avail_reagents/lacZ_LEU2_lib_p.stm). Plasmid DNA from the pools of the mTn inserted genomic library was digested with NotI to release the mutated insertional library of S. cerevisiae genes from the bacterial vector. The digested DNA was purified with a GENECLEAN kit from Qbiogene (Carlsbad, CA). The strain for mutagenesis, S. cerevisiae L2612(pYES2-X123), was grown on YSD with Trp and Leu to an optical density at 600 nm of between 1 and 2. Cells grew faster in this medium than in YNBG with CSM and without Ura. Either medium could prevent the plasmid with URA3 from being lost. Digested library DNA was transformed by following the lithium acetate-heat shock protocol described previously by Gietz and Woods (6) After transforma tion, cells were incubated in YSD with Trp for one doubling (ca. 4 h). They were then harvested, washed, and resuspended in water. A portion (1%) of the cell suspension was plated onto YNBG with CSM and without Leu and Trp to count the number of total transformants. The rest was plated onto YNBX with CSM and without Leu and Trp to screen for mutants that would grow on the xylose plates ( Fig. 1) .
Identification of insertion site. Yeasts were cured of pYES2-X123 by plating the mutants onto YPD plus 0.1% 5-fluoroorotic acid. The resulting colonies were plated onto YSD with Trp to make sure that they were Ura � . Vector pRSQ2 URA3 was linearized with BamHI to leave a portion of lacZ at either end. The 
Integration vector None (starting vector) pRS314-312tal TRP1, centromere ScTAL1 with upstream insertion from Mut312 pRS314-512tal
Trp1, centromere ScTAL1 with upstream insertion from Mut512 pRS314-ADHtal TRP1, Centromere ADH1 P -ScTAL1-CYC1 T pBlue-DR PHO13 pBluescript PHO13 P -LEU2-PHO13 T digested pRSQ2-URA3 was purified with the GENECLEAN kit and transformed into the URA3-cured mutants by lithium acetate-heat shock, whereupon it inte grated into the transposon-borne lacZ sequence. Total DNA was recovered from the transformants using lyticase, proteinase K, sodium dodecyl sulfate, RNase A, and added salt to 0.2 mol/liter and 2 volumes of cold absolute ethanol to precipitate DNA. For plasmid rescue, 5 �g of transformed yeast DNA was digested with a restriction enzyme that cut once in the polylinker of pRSQ2-URA3 (ClaI, EcoRI, EcoRV, HindIII, KpnI, PstI, SalI, or XhoI) and at some other point in the flanking yeast DNA. This released a linear fragment that contained the bacterial replication origin, the �-lactamase gene, a portion of lacZ, and some adjacent yeast DNA. The digestion mixture was heated to inactivate the restriction en zyme using conditions recommended in the New England Biolabs catalog. The mixture was then cooled on ice and purified by ethanol precipitation. The DNA pellet was dissolved in water and supplemented with T4 DNA ligase buffer. T4 DNA ligase (2 units/�l) was added. To favor intramolecular ligation, the final DNA concentration was kept low, in the range of 2 to 10 �g/ml. After ligation at 16°C overnight, DNA was purified by ethanol precipitation. The pellet was dissolved in 10 �l water. One-half (5 �l) was used to transform E. coli DH5� by electroporation. The transformants were selected for ampicillin resistance. DNA from plasmid minipreps was analyzed by double digestion with BamHI and the rescue enzyme, which could release a piece of pRSQ2-URA3. The plasmids that appeared to have appropriate inserts were sequenced using a primer from the lacZ sequence in pRSQ2-URA3. The sequences, each containing a part of lacZ and adjacent yeast DNA, were then obtained. If plasmids could not be properly rescued, another rescue enzyme was tried because the nearest restriction site in the yeast DNA was probably too far from the insertion site.
After obtaining the sequence, we identified it by using the BLAST algorithm available at the NCBI website (http://www.ncbi.nlm.nih.gov:80/BLAST/).
Confirmation of transposition event.
To confirm that the insertion rather than a spontaneous mutation enabled growth on xylose, we transferred the transposon insertion along with the genomic flanking regions back to the parental strain to see if it resulted in the same phenotype.
To rescue the whole insertion site from the genomic DNA preparation, a restriction enzyme that could cut neither mTn-lacZ/LEU2 nor pRSQ2-URA3 but that would cut on both sides near the insertion site in the yeast DNA was selected. The resulting large plasmid was recovered by transformation into E. coli that was then digested with this rescue enzyme and transformed into L2612. Transformants were selected on plates of YNBG with CSM and without Leu and Ura. We picked four transformants to confirm each mutation and transformed each one with pRS424-X123. The resulting strains were selected on YSD plates, and their potential for growth on YSX plates was observed.
Subcloning the mutant TAL1 into a plasmid. For mutants Mut312 and Mut512, which contain mTn inserted upstream of TAL1, PstI was used to rescue FIG. 1. Protocol for insertional mutagenesis of S. cerevisiae bearing genes that inhibit growth on xylose.
VOL. 73, 2007 TRANSPOSON MUTAGENESIS OF ENGINEERED SACCHAROMYCES 2063
DNA fragments containing the insertion sites. The resulting plasmids were named pRSQ312 and pRSQ512, respectively. They were each digested with DraI (cut in the amp open reading frame [ORF] ) and EcoRV (cut in the pRSQ2 URA3 polylinker) to release a fragment that contained the N terminus of amp, the full LacZ ORF from pRSQ2-URA3, the promoter (after the insertion), and the ORF and terminator (400 bp to the PstI site) of TAL1. The fragment was subcloned into the SmaI site of pRS314. The resulting plasmids were named pRS314-312tal and pRS314-512tal. pho13 knockout. The plasmid used for the PHO13 knockout was subcloned in three steps. First, LEU2 was cut out with AccI and DraIII from pRS315 and inserted into the SmaI site of pBluescript (pBlue-LEU2). Second, a fragment containing the PHO13 ORF C-terminal 180 bp and the 250-bp terminator was inserted between the PstI and XhoI sites of pBlue-LEU2 by blunt-end ligation (pBlue-LEU2-PHO13 C). Finally, an XhoI fragment, which was obtained from positions �60 to �1680 upstream of PHO13, was inserted between SacI and SpeI sites of pBlue-LEU2-PHO13 C by blunt-end ligation (pBlue-DR PHO13). In each step, the orientation of the insert was determined by restriction analysis, and the correct orientation was selected. In pBlue-DR PHO13, PHO13 up stream, LEU2, and PHO13 C terminus and terminator were all oriented in the same direction.
pBlue-DR PHO13 was digested with HindIII and ScaI to release a fragment containing PHO13 upstream of �1220 to �60 bp, LEU, and the 180-bp C terminus of the PHO13 ORF plus 250 bp of the terminator. The digested DNA was transformed into L2612, and the transformants were selected on plates of YNBG with CSM and without Leu.
Genomic DNA was prepared from several transformants. The correct knock out mutants were confirmed with PCR using primers between the PHO13 pro moter and the LEU2 promoter and primers between the PHO13 promoter and the PHO13 ORF, which gave a PCR product of the expected size and no products, respectively. The correct strain was named S. cerevisiae DR PHO13 (MATa pho13::LEU2 ura3-52 trp1-298 can1 cyn1 gal � ). qPCR. Quantitative PCR (qPCR) was performed as previously described (12) . Cells from four independent cultures were used for each condition. mRNA was extracted according to methods described previously by Holstege et al. (8) . cDNA was constructed using random oligonucleotides and the Reverse Tran scription System kit (Promega). Reverse transcription-PCR analyses of the sam ples were done with SYBR green PCR master mix (Applied Biosystems) as recommended by the manufacturer, except that 15 pmol of oligonucleotides and a final volume of 25 �l per reaction were used. Actin was used to normalize for the mRNA concentration. Except where noted, all data points were collected in triplicate. The Student t test was used to determine if differences in the values were statistically significant.
Xylose fermentation. Yeast strains were grown in YSD medium with Ura. Cells were harvested, washed with water, and inoculated into duplicate 125-ml flasks each containing 50 ml YSX with Ura (45 g/liter xylose). The shaking speed was 200 rpm. The xylose and xylitol concentrations in fermentation samples were determined by high-performance liquid chromatography, while the ethanol con centrations were determined by gas chromatography.
Enzymes, primers, and chemicals. Restriction enzymes, DNA-modifying en zymes, and other molecular reagents were obtained from New England Biolabs 
RESULTS
Toxicity of PsXYL3 overexpression can be relieved by spon taneous mutation. S. cerevisiae YS1020 was constructed by integrating PsXYL1 and PsXYL2 under the strong ScGAPDH promoter TDH3 P . PsXYL3 with its native promoter was ran domly integrated into the YS1020 chromosome. S. cerevisiae YSX3 was selected from the resulting strains for its fast growth on, and ethanol production from, xylose. Our previous study showed that the overexpression of PsXYL3 in YS1020 inhibited growth and ethanol production under these conditions (13a), a finding that was confirmed in subsequent trials. Growth was almost completely inhibited on xylose agar plates but would occur slowly in xylose broth. Because xylulokinase is an essen tial enzyme in xylose metabolism, we concluded that moderate xylulokinase levels made YSX3 a good xylose-fermenting strain. To test this conclusion, we overexpressed PsXYL3 by plasmid transformation in the YSX3 background. Surprisingly, the transformant, YSX3(pYS32), could grow on xylose. In fact, growth in xylose broth was somewhat better than that of YSX3 carrying the empty control vector, pYPR2831 (Fig. 2) . Consis tent with our previous findings, YSX3 transformed with either pYS32 or the control vector grew better than YS1020(pYS32). The latter expresses xylulokinase at a high level and barely grows on xylose plates. The YS1020(pYS32) strain was plated onto xylose, and a few colonies (ca. 1 per 10 6 CFU) capable of more rapid growth on xylose plates were obtained. One of these colonies, which we assumed to be a spontaneous mutant, was designated "Ef." This mutant grew in a manner similar to that of YSX3 transformed with the control vector. Fermenta tion data showed that YSX3 transformed with either pYS32 or the control vector consumed xylose quickly. We did not ob serve significant ethanol production with YSX3(pYS32), and there was even less ethanol from xylose than the amount pro duced by YSX3(pYPR2831); however, YSX3(pYS32) grew slightly faster, and converted xylose into 15% more cell mass (Fig. 2) and xylitol (Fig. 3A) , than did YSX3(pYPR2831).
Identification of genetic changes that are responsible for relieving the toxicity of XYL3. To identify potential mutational events that could be contributing to the improved growth of engineered S. cerevisiae on xylose, S. cerevisiae L2612(pYES2-X123), which barely grows on xylose plates, was used as the parental strain for transposon mutagenesis. The parental S. cerevisiae L2612, which had never been exposed to growth on xylose, was transformed with the pYES2-X123 cassette. After transforming this host with the mTn inserted genomic library, we selected mutants that grew on xylose (Fig. 1) . The insertion sites in these mutants were identified by plasmid rescue and sequencing. To confirm that it was the insertion rather than spontaneous mutations that caused the phenotype, we trans ferred DNA bearing the insertion back to the L2612 parental strain. If the overexpression of pYES2-X123 in the mutated L2612 strain still caused growth inhibition on xylose, the inser tion site was eliminated. From an initial series of approxi mately 18 putative mTn insertional mutants that grew on xy lose plates, we were able to identify two genes that enabled growth on xylose with high levels of xylulokinase expression. Each of these was obtained in two independent mTn transfor mation events. The confirmed mutants had mTn insertions either upstream of the TAL1 ORF or in the PHO13 ORF (Table 3 ). All but 2 of the remaining 14 unique insertion events were recovered and identified by sequencing. The effects of these mutational events could not be confirmed by the tech niques used here.
mTn insertion upstream of TAL1 enhanced xylose utiliza tion through the altered expression of TAL1. To evaluate whether the mTn insertion upstream of TAL1 affected TAL1 expression, transformants containing two copies of TAL1 were constructed. Plasmids carrying a mutant TAL1, pRS314-312tal and pRS314-512tal, were made from Mut312 and Mut512, respectively, and transformed into L2612(pYES2-X123). The APPL. ENVIRON. MICROBIOL. transformants contained heterodiploid TAL1, with a mutant copy on the plasmid and a wild-type copy on the chromosome. The transformants could grow on xylose, suggesting that the mutant copy of TAL1 was dominant with respect to growth on xylose. mTn insertion at TAL1 upstream might enhance TAL1 expression in the strain overexpressing pYES2-X123 when grown on xylose. To test this possibility, pRS314-ADHtal, which carries TAL1 under a constitutive strong ADH1 pro moter, was transformed into L2612(pYES2-X123). As ex pected, the transformant could grow on xylose. Therefore, increasing TAL1 expression may relieve the growth inhibition on xylose.
Deleting PHO13 relieved growth inhibition on xylose. Mut1101 and Mut1201 contain mTn inserted into the PHO13 ORF, and it is likely that PHO13 is defective in these strains. A large part of the PHO13 gene product could, however, still be synthe sized, and this might still retain activity. To determine whether deleting the complete gene would have the same effect as the insertional mutation, we made a pho13 knockout mutation (pho13�) in L2612 and transformed it with pYES2-X123. This transformant grew well on xylose, which was in a manner similar to that of the mutants with mTn insertions (Fig. 4, top) . Therefore, reducing PHO13 expression by mutagenesis or de letion appears to relieve growth inhibition on xylose.
Improved ethanol production from xylose by recombinant strains with pho13 knockout mutation. Fermentation was con ducted under aerobic conditions in defined medium in 4% xylose using six strains made by transforming two yeasts (L2612 and a pho13� strain that we called DR PHO13) with three plasmids (pRS314-X123, pRS424-X123, and pRS314-X123-T2). In this latter construct, T2 consists of TAL1 and TKL1. Overall growth rates were low, and there was little difference among the four pRS314 (single-copy vector) transformants in the first 32 h (Fig. 4, top) . Initial growth rates were essentially linear on a volumetric basis, which indicated that they could have been limited by the aeration rate. Growth rates declined in all strains after 48 h even though sugar analyses showed the presence of 18 to 22 g/liter of residual xylose. L2612(pRS314-X123-T2) grew to a slightly but significantly higher cell density than the other three pRS314 transformants.
Ethanol production rates were more strongly affected than growth in DR PHO13 (Fig. 4, bottom) . The DR PHO13 (pRS314-X123) transformant produced ethanol at almost three times the initial rate of the corresponding L2612(pRS314-X123) strain. Without TAL1 and TKL1 on the multicopy vector, the ethanol yield of the pho13� mutant was 92% higher than that in the PHO13 parent (0.13 versus 0.25 g/g xylose consumed), but in the presence of these two genes, the initial ethanol yield was only about 15% higher in the mutant (0.20 versus 0.23 g/g) 4 . Growth and ethanol production by S. cerevisiae with native PHO13 or deleted pho13� plus genes for xylose metabolism. F, S. cerevisiae L2612(PHO13 pRS314-X123-T2); E, S. cerevisiae L2612 (PHO13 pRS314-X123); ■, S. cerevisiae DR PHO13(pho13� pRS314-X123-T2); �, S. cerevisiae DR PHO13(pho13� pRS314-X123).
( Table 4 ). Specific xylose consumption and ethanol production rates were also generally higher in the pho13� mutant than in the parent, but the difference was less evident when TAL1 and TKL1 were overexpressed. This indicated that most of the effect of the PHO13 deletion could be mimicked by the overexpression of TAL1 and TKL1. As in the case of cell growth, ethanol production was largely a linear function in the first 32 to 48 h, which indicated that it too could have been affected by oxygen availability.
Regardless of PHO13 status, pRS424-X123 transformants showed reduced xylose consumption, lower ethanol yields, and higher xylitol yields compared to transformants with other plasmids. Of these two strains, the DR PHO13(pRS424-X123) transformant consumed more xylose and produced more eth anol and xylitol than the L2612(pRS424-X123) transformant, which produced no ethanol (data not shown).
To further characterize the nature of the mutational events, we performed qPCR on the parental strain and three mutant strains to determine the levels of TAL1 transcript when cells were cultivated on D-xylose. Relative to L2612, preliminary TRANSPOSON MUTAGENESIS OF ENGINEERED SACCHAROMYCES 2065 experiments with the DR PHO13, Mut312, and Mut512 strains showed 1.32-, 1.53-, and 1.35-fold-higher levels of TAL1 mRNA. When these experiments were performed in replicates (n � 7) with glucose as the carbon source, the induction (n fold) (of DR PHO13 over L2612) was 2.79 � 0.37 for TAL1 and 1.78 � 0.38 for TKL1. In summary, the overexpression of pYES2-X123 (e.g., in a multiple-copy plasmid) inhibits growth on xylose in S. cerevisiae L2612 but not in a pho13 knockout strain, DR PHO13. The pho13 knockout also improved xylose fermentation when pYES2-X123 was expressed at a moderate level (in a singlecopy plasmid). Increased expression of TAL1 and TKL1 (trans ketolase) in a pho13 knockout did not, however, exhibit a significant additive or synergistic effect.
DISCUSSION
We previously showed that the overexpression of PsXYL3 in an S. cerevisiae strain expressing PsXYL1 and PsXYL2 inhibits growth on xylose but not on glucose (13a). The present report, however, has identified spontaneous or chemically induced mutants of engineered S. cerevisiae overexpressing PsXYL3 that are not susceptible to growth inhibition on xylose. Because the overexpression of PsXYL3 in the FPL-YSX3 genetic back ground did not inhibit the growth of this yeast on xylose, we hypothesize that the growth advantage of YSX3 on xylose was not due solely to its moderate xylulokinase level but that it resulted at least in part from a mutation that conferred resis tance to xylulokinase overexpression.
To develop and characterize mutational events that enable S. cerevisiae to grow on xylose while overexpressing PsXYL3, we carried out transposon mutagenesis on S. cerevisiae strain L2612(pYES2-X123). This parental yeast strain lacks the abil ity to grow on xylose. In this background, we also overex pressed PsXYL1, PsXYL2, and PsXYL3 (PsXYL123). The re sulting mTn mutants were screened for the ability to grow on xylose.
Two different types of mutants capable of passing the ability to grow on xylose to their progeny were confirmed, and their respective mutations were further characterized. Two mutants with an mTn insertion at one of two sites in the transaldolase TAL1 promoter were identified. One includes an insertion at position �439 and was designated GX312; a second TAL1 promoter mutant includes an insertion at position �515 and was designated GX512. We hypothesized that a mutation in the promoter region of TAL1 results in increased expression, which protects against the inhibition of growth on xylose asso ciated with xylulokinase overexpression. Further experiments showed that S. cerevisiae L2612(pYES2-X123) transformed 
Strain
Specific growth rate, with a plasmid overexpressing TAL1 is also capable of growth on xylose. Previous studies of S. cerevisiae engineered for the fermentation of xylose or arabinose showed the importance of overexpressing TAL1 (2) . A second type of transposon mutant identified as relieving xylose inhibition of S. cerevisiae overexpressing pYES2-X123 has an mTn insertion in the PHO13 ORF, which results in reduced activity. PHO13 codes for a protein with demonstrated alkaline phosphatase activity (22) . Of approximately 11 sub strates tested, Pho13p showed significant hydrolytic activity only against p-nitrophenylphosphate, phosphorylated his tone II-A, and casein. Tuleva et al. speculated that the physiological role of the PHO13 p-nitrophenyl phosphatespecific phosphatase might involve participation in revers ible protein phosphorylation (22) . The possible role of phos phatases in dephosphorylating histones has been previously noted (5) . These enzymes often act on a wide variety of phos phorylated proteins (1) .
We noted that the growth of cells overexpressing XYL3 was almost completely inhibited on xylose agar plates but would occur slowly in xylose broth (12, 13a) . While we do not fully understand this difference in response, it is possibly due to higher oxygen availability on the surface of plates than in broth. It is possible that in broth, xylose uptake is slow enough that toxicity attributed to the accumulation of sugar phos phates does not occur.
The exact function of Pho13p is unknown, but similar pro teins are very widely distributed among yeasts, fungi, and other organisms. A BLAST analysis of Pho13p identified 13 closely related proteins produced by Debaryomyces hansenii, Gibberella zeae, Ustilago maydis, Schizosaccharomyces pombe, Neurospora crassa, Candida albicans, Yarrowia lipolytica, Ashbya gossypii, Kluyveromyces lactis, Candida glabrata, and Saccharomyces cerevisiae. More than 100 similar proteins from many other organisms are known, which suggests that PHO13 is highly conserved. These proteins have not yet been fully char acterized with respect to their activities. It is reasonable to expect that they will be identified as orthologs having struc tures and functions similar to those of Pho13p and that isolates overexpressing enzymes associated with xylose fermentation and having the pho13 phenotype will exhibit improved xylose fermentation.
How PHO13 enhances growth on xylose is not entirely clear. pho13 mutants can overcome the growth inhibition caused by the overexpression of genes for xylulokinase, but simultaneous overexpression of TAL1 and TKL1 achieves some of the same effects. We do not know whether PHO13 regulates the expres sion of TAL1, but the qPCR results are consistent with this possibility. The different effects of TAL1 plus TKL1 overex pression versus pho13 inactivation on growth and fermenta tion, with the former contributing to better growth and the latter contributing to higher ethanol production on xylose, suggest that the pho13 mutation could also be enhancing fer mentative activities.
